Spin-orbit coupling has proven indispensable in the realization of topological materials and, more recently, Ising pairing in two-dimensional superconductors. This pairing mechanism relies on inversion symmetry-breaking and sustains anomalously large in-plane polarizing magnetic fields whose upper limit is predicted to diverge at low temperatures. Here, we show that the recently discovered superconductor few-layer stanene, epitaxially strained gray tin (a-Sn), exhibits a distinct type of Ising pairing between carriers residing in bands with different orbital indices near the G-point. The bands are split as a result of spin-orbit locking without the participation of inversion symmetrybreaking. The in-plane upper critical field is strongly enhanced at ultralow temperature and reveals the predicted upturn.
Theory has therefore pointed to properties inherent to the band structure of these 2D materials to account for the anomalous robustness. As a result of broken inversion symmetry, opposing valleys in k-space host states of opposite spin orientation (Fig. 1C) ; strong spin-orbit coupling (SOC) induces substantial spin splitting between these valleys. Consequently, Cooper pairs formed from carriers in opposing valleys possess locked opposite spins and become resilient to an in-plane pair-breaking field. This physical framework inaugurated the search for ever increasing B c2,// almost exclusively in transition-metal dichalcogenides because their crystal structure may naturally break in-plane inversion symmetry. Single layers of tungsten disulfide (WS 2 ) and tantalum disulfide (TaS 2 )-both hosting heavier elements than those in MoS 2 and NbSe 2 -were recently shown to support an even larger enhancement of B c2,// (6, 7).
One key theoretical prediction for Ising superconductivity remains to be verified experimentally: B c2,// is expected to diverge and deviate from the 2D Ginzburg-Landau (G-L) formula at low temperatures, even if a moderate amount of disorder is present (11) (12) (13) . Such behavior is reminiscent of the Fulde-Ferrell-LarkinOvchinnikov (FFLO) state (Fig. 1B) (14) (15) (16) (17) (18) (19) , an epitome of robust pairing against spinpolarizing fields in clean superconductors. There, macroscopic coherence gets replaced by a spatially ordered phase in the presence of a partial spin polarization at low temperatures, T < 0.5T c,0 . The experimental observation of a rapidly increasing B c2,// at low temperature provides strong support to the existence of the FFLO state in organic superconductors (19) . In Ising superconductors, however, it is the spin split band structure that imposes a similar renormalization to the G-L formula at T ≪ T c,0 . Unfortunately, the relevant magnetic field regime in the phase diagram as T → 0 is difficult to access for established Ising superconductors owing to technical limitations in the attainable magnetic fields.
We identified a divergence of B c2,// at low temperature and breakdown of the G-L formula in epitaxial thin films of a-Sn(111), also referred to as few-layer stanene (20, 21) . This material has recently emerged as a 2D superconductor (21) . By cooling the sample down to as low as 2% of T c,0 , we observed an anomalous increase of B c2,// by 30% over the conventional behavior in a temperature window as narrow as 200 mK.
The atomic structure of trilayer stanene grown on PbTe substrates with low-temperature molecular beam epitaxy is illustrated in Fig.  2A (20) . The 3D rendering of the band structure of the trilayer based on angle-resolved photoemission spectroscopy (ARPES) data as well as first-principles calculations (21) shown in Fig. 2B . In the vicinity of the Fermi level, a linearly dispersing hole band surrounds a small electron pocket at the G-point, giving rise to two-band superconductivity (21) . We show in Fig. 2C the temperature dependence of the sheet resistance of a sample consisting of trilayer stanene that has been grown on a 12-layer-thick lead telluride (PbTe) buffer (3-Sn/12-PbTe) down to 250 mK (details of the sample preparation and measurement techniques are provided in the supplementary materials, materials and methods and supplementary text, note I); we observed a superconducting transition at the temperature of 1.1 K. Displayed in Fig. 2 , D and E, are color renditions of the sample resistance in the parameter space spanned by the temperature and either the perpendicular (Fig. 2D) or the in-plane (Fig. 2E ) magnetic field. They reflect the phase diagram of the superconducting ground state. The white color in Fig. 2, D and E, corresponds to approximately half of the normal state resistance (R n ) and hence demarcates the superconducting transition from the normal state; it also traces the temperature dependence of the upper critical magnetic fields indicated with open circles [setting the boundary at 1%R n yields qualitatively the same results (figs. S3 to S7)]. Close to T c,0 , both B c2;⊥ ðT Þ and B c2,// (T) follow the 2D G-L formula (21) , and deviations only become apparent at lower temperatures. The out-of-plane upper critical field B c2;⊥ ðT Þ exhibits an upturn, which is properly captured by the formula of a two-band superconductor (Fig. 2D , solid black curve) (22) that considers the orbital effect of the perpendicular magnetic field. However, when the magnetic field is applied parallel to an ultrathin superconductor, superconductivity is primarily suppressed by the paramagnetic effect, and the two-band formula reduces to a simple square root dependence on T (22), indistinguishable from that of the 2D G-L formula (Fig. 2E, pink curve) . Clearly, such a two-band treatment fails to describe the enhancement in the in-plane upper critical field observed in experiment, which amounts to 1 T by cooling below T = 0.2 K. The in-plane upper critical field exceeds the Pauli limit by a factor of 2, assuming the common estimate of B p = 1.86T c,0 for an isotropic bulk superconductor (we discuss the possible anisotropy in the supplementary text, note IV).
We next turned to elucidating the mechanism of the upper critical field enhancement in our samples. The upper critical fields of two trilayer stanene samples with differing PbTe buffer layer thicknesses are compared in Fig.   3A . The position of the Fermi level is known to decrease as the thickness of the buffer layer is decreased because of the reduced donation of carriers from PbTe (21) . This results in a lower T c,0 for trilayer stanene on six-layer PbTe. Nevertheless, this sample also exhibits a B c2,// (T) that clearly departs from that of the 2D G-L formula ( fig. S4 ). It possesses a higher B c2,// /B p at T →0 as compared with the 3-Sn/12-PbTe sample (Fig. 3A) , although the divergence is less prominent. These results indicate that an unusual mechanism renders the Cooper pairs robust against in-plane fields. The spin-orbit scattering mechanism (10) can be readily ruled out because it disagrees with the experimental data (Fig. 2E , light blue curve marked "KLB"). The up-turn bears a striking resemblance to that observed in superconductors hosting the FFLO state. However, the mean free path (l) of our superconductor is~10 nm (supplementary text, note II), which is much smaller than the coherence length x~50 nm extracted from a linear fitting of B c2;⊥ ðT Þ close to T c,0 . We define B c2;⊥ as the position at which the resistance drops to 50%R n . Using the criterion of 1%R n yields an even larger x (supplementary text, note II). By contrast, the FFLO state requires a clean superconductor with l > x (17). Furthermore, the temperature dependence expected (23) . The blue curve in (E) was obtained by using the formula that takes into account the spin-orbit scattering as derived by Klemm, Luther, and Beasley (KLB) (10) . The pink curve in (E) is based on the 2D G-L formula (21) . The black dashed curve in (E) is based on the formula for a superconductor in the FFLO state (16) . The white dashed line marks the Pauli limit using the standard Bardeen-Cooper-Schrieffer (BCS) ratio (3) as well as a g-factor of 2.
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from a superconductor in the FFLO state (16) is different (Fig. 2E ). Ising superconductivity also predicts an up-turn when temperature drops; however, few-layer stanene itself has no M z mirror symmetry and is centrosymmetric in the free-standing case (23, 24) . The films under study have surface decoration and sit on a substrate ( Fig. 2A) , but this type of inversion symmetry-breaking induces only the Rashba effect, which is detrimental to Ising pairing. Moreover, stanene hosts bands around G-point, in contrast to MoS 2 or NbSe 2 , whose spin-split bands are around K and K′ points. Apart from these differences in atomic and electronic structure, the experimentally observed thickness dependence of B c2,// (T) also distinguishes few-layer stanene from the established Ising superconductors. Instead of a fast diminishing effect of Ising pairing in thicker films of transition-metal dichalcogenides (7), the up-turn stays prominent even in pentalayer stanene but is smeared out when the thickness is reduced down to a bilayer (Fig. 3B) . The distinct difference between stanene and the widely studied transition-metal dichalcogenides necessitates an alternative mechanism in stanene to produce the out-of-plane spin orientations. It should not rely on inversion symmetry-breaking and in addition be applicable for spin-degenerate Fermi pockets near time-reversal invariant momenta. We formulated our model by focusing on the bands that involve the p x -and p y -orbitals of Sn because they are the most relevant for electronic conduction according to previous ARPES results and first-principles calculations. The SOC lifts the fourfold degeneracy at the G-point (Fig.  2B) and results in two sets of spin-degenerate bands mainly composed of ðj þ ↑i; j À ↓iÞ (Fig.  1D, solid circles) and ðj þ ↓i; j À ↑iÞ (Fig. 1D,   dashed circles) , respectively, where + andrefer to the p x + ip y and p x -ip y orbitals, respectively (23) . Thanks to spin-orbit locking (Fig. 1D) , bands with different orbital indices experience an opposite out-of-plane effective Zeeman field. This Zeeman splitting is parametrized as b SO (k) and is strongly k-dependent. b SO (k) is extraordinarily large at the G-point, where a splitting of~0.5 eV in monolayer stanene-equivalent to a field of~10 3 T-can occur. However, it substantially weakens at larger k because of interorbital mixing, given that an in-plane magnetic field contributes a perturbation term to the Hamiltonian proportional to hþ↑; À↓js x j þ ↑; À↓i, where s x is the Pauli matrix. This term is zero for k = 0 and exerts increasing influence at larger k. Even though b SO (k) decreases moderately with film thickness in few-layer stanene as a consequence of reduced band splitting in a quantum well setting, Ising-like pairing between j þ ↑i and j À ↓i within the Fermi pockets near the G-point is expected to persist, and this pairing is anticipated to be robust against inplane magnetic fields. Hence, we have termed this mechanism type-II Ising superconductivity in order to distinguish it from previous instances of Ising superconductivity.
A full theoretical derivation of the temperature dependence of B c2,// using the Gor'kov Green function is presented in the supplementary text, note V. We used the BernevigHughes-Zhang Hamiltonian based on atomic orbitals of stanene (23) and took into account the spin-dependent scattering and Rashba effect. The solid and dashed curves in Fig. 3 are theoretical fits to the data by using the equations we derived from this model (eqs. S3 and S2, respectively). The temperature dependence is essentially governed by two fit parametersthe disorder renormalized SOC strength b Ã SO and the Rashba SOC strength ak F -whereas the theoretically chosen T c,0 is slightly adjusted within 5% of the experimental values to obtain the best fit (the values are listed in Fig. 3 and compared with experimental values in table S1). The model agrees well with experimental data and captures the prominent up-turn feature in the low-temperature regime. Within this framework, the physical origin of this up-turn can be traced back to the peculiar spin split bands associated with different orbitals (Fig. 1D) , which are protected by the crystal structure. At T close to T c,0 , thermal activation results in a partial population of the upper two orbitals, suppressing the contribution of the spin-orbit-induced spin split effect on B c2,// . Data in this regime therefore overlap with the 2D G-L formula. As T approaches zero, however, the charge carriers are polarized into the lower orbitals and cause the up-turn of B c2,// . Quantitatively, the dimensionless parameter the behavior governed by the G-L formula. Typically, b
